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Abstract
We propose a scale invariant model of dynamical electroweak symmetry breaking via top con-
densation within the minimal top condensate see-saw model. The classical scale invariance is
realized nonlinearly by introducing conformal compensator scalar field, the dilaton, which plays
crucial role in successful predictions for the Higgs boson. The dilaton mass and its mixing with
the composite Higgs boson appears only at 2-loop level, both being proportional to the hierar-
chy between the electroweak and compositeness scales, ∝ v/Λ. The mass scales in our model
are generated via the mechanism of dimensional transmutation and the hierarchy v/Λ ≪ 1
is radiatively stable, thus resolving the fine-tuning problem of the standard top condensate
models.
1 Introduction
The discovery of the Higgs boson completes the Standard Model (SM) and confirms of the basic
picture of mass generation through the spontaneous electroweak symmetry breaking. However,
the quadratic sensitivity of the Higgs mass under the quantum correction from ultraviolet
physics and the related mass hierarchy problem remains a mystery. One attractive scenario for
solving the hierarchy problem is the dynamical electroweak symmetry breaking. It is driven
by a composite Higgs boson, that emerges as a bound state of more fundamental fermionic
constituents due to some hypothetical strong attractive forces at Λ ∼ TeV scale [1, 2]. There
is no slightest experimental evidence in favour of this scenario so far. Current LHC data put
severe constraints on the compositeness scale [3], somewhat undermining the validity of the
Higgs compositeness hypothesis.
One of the most economic models for dynamical electroweak symmetry breaking is the top
condensate model [4–6]. In this model the Higgs boson is an emergent low-energy degree of
freedom of top and anti-top quarks bound state. In the minimal model, there is a correlation
between the Higgs massmh and top quark massmt, mh ≈ 2mt (in the top-loop approximation).
In addition, for a large compositeness scale Λ top quark mass is predicted (as opposed to being
a free parameter within the Standard Model) through the infrared renormalisation group quasi-
fixed point of the top-Yukawa coupling [7]. Hence the top condensate provides more predictive
framework for the electroweak symmetry breaking than the minimal Standard Model does.
Unfortunately, the predicted top quark mass is larger than the experimentally measured one.
This problem can be resolved in many extended models, perhaps the most economic being the
so-called top condensate see-saw model (TCSM) [8]. Nevertheless, the Higgs mass in many of
the extended top-condensate models is predicted to be heavier than the top quark, which is in
odds with observations. Furthermore, in models with large compositeness scale the solution of
the mass hierarchy problem is compromised. These significant problems made many researchers
to abandon the top condensate models.
In a number of previous works we were advocating classical scale invariance as a potential
symmetry that could be responsible for the stable mass hierarchies [9]. In the conceptual
framework an overall mass scale emerges in a clasically scale invariant (massless) theory as
a result of quantum fluctuations through the mechanism of dimensional transmutaion [10].
This dimensional transmutation proliferates into the low energy sectors of the theory through
feeble interactions and results in technically stable mass hierarchies between high energy and
low energy sectors. This scenario can be realised also within nonrenormalisable effective field
theory models by introducing dilaton field. An explicit construction of the minimal Standard
Model with hidden (non-linearly realised) scale invariance has been recently proposed in [11].
In this paper we consider a scale invariant version of the minimal TCSM, where the standard
model field content is complimented by extra vector-like quarks and the dilaton. The dilaton
originates from spontaneously broken scale invariance at high energies and is realised in the
effective low-energy theory as a (pseudo)Goldstone boson. We find that experimentally observed
values for the top quark and Higgs boson masses can be accommodated within this framework.
Furthermore, the hierarchy of scales is stable under the radiative corrections owing to the
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underlying scale invariance. A rather generic prediction of this class of models is the existence
of a very light dilaton, which has interesting phenomenological implications.
The paper is organised as follows. In the next section we introduce the minimal scale invari-
ant TCSM and derive some basic predictions. In sec. 3 we briefly discuss possible constraints
on light dilaton and sec. 4 is reserved for conclusions.
2 The minimal scale invariant TCSM
The top quark condensate see-saw model for dynamical electroweak symmetry breaking is an
extension of the minimal top condensate model which, in addition to the third generation
left-handed quark doublet, QL = (tL, bL)
T , and the right-handed top quark, tR, involves a
vector-like electroweak singlet quarks ξR and ξL. The quantum numbers under the SU(3)C ×
SU(2)W × U(1)Y standard model symmetry group are as follows:
QL : (3, 2,+1/3), tR, ξR, ξL : (3, 1,+4/3) . (1)
We assume that some unspecified strong dynamics1 results at a high energy scale Λ in effective
Nambu–Jona-Lasinio (NJL) type [14] interactions involving the above quark fields:
L = Lkin + g
2(Λ) cos2 θ
Λ2
(
Q¯LξR
) (
ξ¯RQL
)
+
g2(Λ) sin2 θ
Λ2
(
Q¯LtR
)
(t¯RQL)
+
g2(Λ) sin 2θ
2Λ2
[(
Q¯LtR
) (
ξ¯RQL
)
+ h.c.
]−Mξ(Λ) [ξ¯LξR + h.c.] , (2)
where Lkin contains gauge invariant kinetic terms for fermionic fields (1) and g(Λ) and θ are pa-
rameters that define an overall and relative strength of 4-fermion interactions at the ultraviolet
cut-off scale Λ. Mξ(Λ) is a running mass parameter, also defined at Λ.
Next we assume that the underlying theory exhibits spontaneously broken scale invariance.
In the low-energy theory (2) it is non-linearly realised through the dilaton field χ. Corresponding
modification of the low-energy Lagrangian is achieved by the following replacements in Eq. (2):
Λ→ Λ
f
χ = χ , Mξ(Λ)→ Mξ(χ)
f
χ ≡ yξ(χ)χ , (3)
where the dilaton decay constant f is taken to be equal to Λ2. The resulting scale invariant
NJL Lagrangian can be rewritten in an equivalent form
L = Lkin −
[
yξξ¯LξRχ+ gQ¯L (cos θξR + sin θtR) Φ + h.c.
]− χ2 (Φ†Φ) , (4)
1An extra non-Abelian top-colour symmetry [12] has been suggested in [8] as an underlying theory. Extra
vector-like quarks may also emerge in higher-dimensional extentions of the minimal top condensate model [13].
2Note that, if one in addition considers dilaton-gravity coupling and generation of the Planck mass, f must
be appropriately rescaled.
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by introducing an auxiliary (non-dynamical at the scale Λ) electroweak doublet scalar field
Φ = − g
χ2
(
cos θξ¯R + sin θt¯R
)
QL . (5)
Lkin in (4) now also includes the dilaton kinetic term, 1/2(∂µχ)2.
Following [8], we assume that sin θ ≪ 1. Hence, Φ is a composite field, given by (ξ¯RQL)
fermion bilinear predominantly. This non-dynamical field develops full dynamics at low energies
and triggers the electroweak symmetry breaking. To see this we first integrate out modes of
the fermionic fields in Eq. (1) and those of dilaton with Euclidean momenta (yξχ ≤)µ < kE <
Λ(= χ) in the functional integral. This results in the following 1-loop Higg-dilaton effective
potential at scale µξ = yξχ (the irrelevant operators with mass dimensions d > 4 are omitted):
V = σ(µξ)χ
2H†H + λ(µξ)
(
H†H
)2
+
ρ(µξ)
4
χ4 ,
H :=
√
ZΦΦ, ZΦ(µξ) = −3g
2
8pi2
ln |yξ| ,
σ(µξ) = − 8pi
2
3 ln |yξ|
σ
g2
(
1 +
1− y2ξ
16pi2
)
+
1− y2ξ
ln |yξ| ,
λ(µξ) = − 8pi
2
3 ln |yξ|
(
1− σ
2
3g4
)
,
ρ(µξ) = −
3y2ξ
8pi2
(
1− y2ξ + y2ξ ln |yξ|
)
.
(6)
Here H denotes the electroweak doublet Higgs fields with a canonical kinetic term which is
induced at low energies. Note that except of implicit scale dependence of dimensionless cou-
plings in (6), which is in turn governed by the vacuum expectation value of the dilaton field,
〈χ〉 = Λ, the theory exhibits classical scale invariance. In fact, the potential (6) is similar to the
one considered in our previous paper [11], but is defined at the scale of the vectorlike fermion
mass, Mξ = yξ〈χ〉 < Λ, rather than at the cut-off scale. At the cut-off scale Λ we instead have
the compositeness condition, ZΦ(µ = Λ) = 0, which implies in particular that the renormalised
top-Yukawa coupling developes Landau pole there, yt = g sin θ/ZΦ
µ→Λ−→ ∞. The top-quark mass
then is determined by the infrared quasi fixed-point solution of renormalisation group equations
(RGEs) for yt [7] times an extra parameter sin θ, which can be adjusted to obtain experimental
value of the top mass. Another important thing to note is that quantum fluctuations of dilaton
also contribute to the Higgs self-coupling, such that λ(µξ)/y
2
t (µξ) =
(
1− σ2
3g4
)
/ sin2 θ, rather
than the canonical value 1/ sin2 θ of the original top condensate see-saw model. This allows us
to adjust σ and g couplings such that the experimental value of the Higgs mass can also be
obtained (see below).
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3 Scalar masses
Let us now turn to the minimization of the potential (6). This leads to the following relation:
v2
Λ2
= −σ(Mξ)
λ(Mξ)
, (7)
which sets the hierarchy between the vaccum expectation values of the Higgs, 〈H〉 = (0, v/√2)T
and dilaton, 〈χ〉 = Λ, fields, through the hierarchy of the dimensionless couplings. We would
like to stress that this hierarchy is technically natural, since the coupling σ is not generated
quantum mechanically once is set to zero. While the ratio of scales is defined by Eq. (7),
the overall scale is defined through the dimensional transmutation, which through another
minimization relation:
σ2(Mξ) = λ(Mξ)ρ(Mξ) , (8)
Finally, in order to comply with cosmological observations we impose a phenomenological
condition of vacuum energy to be vanishingly small, V (v,Λ) ≃ 0. In scale invariant theories
this implies an additional condition on dimensionless parameters [15], which in our case reads
as:
βσ(Mξ)
σ(Mξ)
≃ βλ(Mξ)
2λ(Mξ)
+
βρ(Mξ)
2ρ(Mξ)
, (9)
where, βσ,λ,ρ are RGE beta-functions for σ, λ, ρ couplings, respectively. The later relation is the
usual fine-tuning of cosmological constant. We have nothing new to say about this tuning here.
Taking Eqs. (7,8,9) into account, we compute the scalar mass squared matix in the (h, χ)
basis, where h is a neutral scalar component of the electroweak doublet H :
Mˆ2(Mξ) =
(
2λv2 , 2σ
[
1 + βσ
2σ
− βλ
2λ
]
Λv
2σ
[
1 + βσ
2σ
− βλ
λ
]
Λv , 2ρ
[
1 + βσ
σ
− βλ
λ
− β′σ
4σ
+
β′ρ
8ρ
+
β′
λ
8λ
]
Λ2
)
, (10)
where the entries are running mass parameter evaluated at the scale Mξ. As a consistency
check we notice that the above matrix is degenerate in the conformal limit, i.e., when all the
beta-functions (and their derivatives, β ′ ≡ dβ/d lnµ) vanish. In this limit dilaton is the true
Goldstone boson of spontaneously broken scale invariance and thus is massless. One also notices
that the determinant of the above matrix is proportional to β2σ,λ, β
′
σ,λ,ρ. This follows from the
assumed fine-tuning of the cosmological constant, ref. Eq. (9). Since β2σ,λ, β
′
σ,λ,ρ ∼ O(~2),
we conclude that the dilaton mass is generated through the scale anomaly at 2-loop order.
This is a generic feature of scale invariant models, and has been observed also in our previous
works [15], [11].
Assuming the hierarchy of scales in Eq. (7), we obtain that the dilaton and the neutral
Higgs states have very small mixing,
sin 2β ≃ − v
Λ
, (11)
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and the mass of the Higgs boson is given essntially by the same formulae as in the Standard
Model:
m2h(Mξ) ≃ 2λ(Mξ)v2 . (12)
The effective running mass for dilaton can also be computed straightforwardly:
m2χ(Mξ) = −2σ(Mξ)
[
−1
4
(
βσ
σ
− βλ
λ
)2
− β
′
σ
4σ
+
β ′ρ
8ρ
+
β ′λ
8λ
]∣∣∣∣∣
µ=Mξ
v2 . (13)
We observe that the dilaton mass is hierarchically smaller than the Higgs mass, mχ/mh ∝ v/Λ,
being in addition suppressed by a 2-loop factor, see Eq. (13). Thus, for large Mξ ≫ v, the
current model is phenomenologically indistinguishable from the scale invariant Standard Model
proposed in [11].
4 Conclusions
In this paper we have constructed a phenomenologically viable top condensate see-saw model
with spontaneously broken scale invariance. The hidden scale invariance is implemented at
low energies by introducing the dilaton field. The compositness scale is generated quantum
mechanically via the mechanism of dimensional transmutation and the technically natural hi-
erarchy between the electroweak scale and high energy scales is maintaned. The Higgs boson is
a composite state of left-handed top quark and (predominantly) of right-handed component of
massive vectorlike anti-quark and essentially indistinguishable from the Standard Model Higgs
boson. The critical prediction of this model is the very light dilaton, detection of which would
be an important hint of the relevance of scale invariance in the electroweak symmetry breaking.
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